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Abstract. Plants with crassulacean acid metabolism (CAM) are increasing in distribution and abundance
in drylands worldwide, but the underlying drivers remain unknown. We investigate the impacts of
extreme drought and CO2 enrichment on the competitive relationships between seedlings of Cylindropuntia
imbricata (CAM species) and Bouteloua eriopoda (C4 grass), which coexist in semiarid ecosystems across the
Southwestern United States. Our experiments under altered water and CO2 water conditions show that
C. imbricata positively responded to CO2 enrichment under extreme drought conditions, while B. eriopoda
declined from drought stress and did not recover after the drought ended. Conversely, in well-watered
conditions B. eriopoda had a strong competitive advantage on C. imbricata such that the photosynthetic rate
and biomass (per individual) of C. imbricata grown with B. eriopoda were lower relative to when growing
alone. A meta-analysis examining multiple plant families across global drylands shows a positive response
of CAM photosynthesis and productivity to CO2 enrichment. Collectively, our results suggest that under
drought and elevated CO2 concentrations, projected with climate change, the competitive advantage of
plant functional groups may shift and the dominance of CAM plants may increase in semiarid ecosystems.
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INTRODUCTION
Over the last century, human activities associ-
ated with fossil fuel burning and land use change
have dramatically increased the concentrations
of CO2 and other trace gases in the atmosphere, a
trend that is expected to continue in the decades
to come (Vitousek et al. 1997, IPCC 2014). At the
same time, global climate models predict
increased precipitation variability along with
more frequent extreme rainfall events, and
increased risk of prolonged drought, especially
in dryland regions (Smith 2011, IPCC 2014).
These changes in environmental conditions com-
bined with human activities have led to signiﬁ-
cant changes in vegetation cover and plant
community composition (Poorter and Navas
2003, D’Odorico et al. 2012, Anderegg et al.
2013), with important impacts on ecohydrologi-
cal and geochemical processes, regional climate,
and the provision of ecosystem services such as
livestock grazing, sheltering of the soil surface,
and carbon sequestration (Anderegg et al. 2013,
Reichstein et al. 2013).
In particular, both empirical and modeling
studies in the Southwestern United States have
focused on the transition from grasslands to
shrublands (D’Odorico et al. 2012, Caracciolo
et al. 2016) or widespread tree mortality under
global environmental change (Breshears et al.
2005, McDowell et al. 2008, Anderegg et al.
2013). Responses by plants with crassulacean
acid metabolism (CAM) and their competitive
relationship under global change, however,
remain understudied. Globally, CAM plants
appear to be expanding in abundance and distri-
bution across dryland ecosystems (Borland et al.
2009, Reyes-Garcıa and Andrade 2009), but the
underlying drivers remain poorly understood.
Yu et al. (2017a, b) experimentally found that a
model facultative CAM species (Mesembryanthe-
mum crystallinum) had a competitive advantage
over a co-occurring grass (Bromus mollis) in Cali-
fornia under global change scenarios of increased
drought, soil salinity, and nitrogen deposition.
An empirical evaluation of the response of con-
stitutive CAM plants and their competitive rela-
tionships with other functional groups (i.e., C4
plants) to CO2 enrichment and changing climate,
however, is still missing (Poorter and Navas
2003).
Some studies suggest that changes in climate
(i.e., temperature or rainfall) or increasing atmo-
spheric CO2 concentrations could be major dri-
vers of CAM expansion in drylands (Drennan
and Nobel 2000, Borland et al. 2009, Reyes-
Garcıa and Andrade 2009). CAM plants feature
high water storage in their tissues, nocturnal CO2
uptake, and high water use efﬁciency and thus a
high drought resistance (Drennan and Nobel
2000, L€uttge 2004, Borland et al. 2009). In this
sense, CAM plants could still maintain a low rate
of photosynthesis and growth during drought
and moreover could have a relatively rapid
recovery after drought. Interestingly, the predic-
tion that nocturnal CO2 uptake (C4 photosynthe-
sis) by CAM plants should saturate under CO2
enrichment was not supported by experiments
(Drennan and Nobel 2000). It, however, remains
unclear whether the response of CAM plant’s
photosynthesis and productivity to CO2 enrich-
ment is comparable to that of C3 plants or C4
plants (Poorter and Navas 2003). It also remains
poorly understood whether CAM plants have a
competitive advantage over C4 plants under
drought and CO2 enrichment.
The ability of CAM plants to increase in abun-
dance also depends on their competitive rela-
tionship with other functional groups (i.e., C3
and C4 plants; Poorter and Navas 2003, Yu and
D’Odorico 2015), an aspect of CAM plant sensi-
tivity to changes in climate and atmospheric
CO2 concentrations that has remained largely
understudied. Most previous studies only inves-
tigated the response of monocultures of CAM
plants to CO2 enrichment (see the review in
Drennan and Nobel 2000). The response of
plants as monocultures, however, may be strik-
ingly different from plant responses when
grown in mixture (Morgan et al. 2004, Dijkstra
et al. 2010). In ecosystems where C3 and C4
plants dominate, previous studies showed that
the C3 grass Pascopyrum smithii and the C4
grasses Bouteloua gracilis had positive responses
to CO2 enrichment when grown in monocultures
yet they showed little response to CO2 enrich-
ment when grown in natural (mixed) communi-
ties (Morgan et al. 1998, 2004). In addition, CO2
enrichment favored a C3 forb (Gossypium hirsu-
tum) more than a C4 grass (Sorghum bicolor),
and thus, C4 species were indirectly disfavored
when grown in mixture (Derner et al. 2003). As
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a consequence, global environmental change
(i.e., drought intensiﬁcation) could disfavor
some functional groups while indirectly increas-
ing the competitive advantage of CAM plants.
Likewise, CO2 enrichment may favor CAM
plants more than C4 species, in particular, in
drought conditions, thus leading to the indirect
disadvantage of C4 plants.
We ﬁrst conducted a thorough meta-analysis of
the literature to examine the response of photosyn-
thesis and productivity by CAM plants to CO2
enrichment. We found the positive response of
daily CO2 uptake and biomass by CAM plants
alone to CO2 enrichment, which is comparable to
the response of C3 plants. It, however, remains
empirically untested how the competition between
CAM and grasses changes under global environ-
mental change. To this end, we then designed a set
of growth chamber experiments to investigate the
potential shift in the competitive relationships
between a CAM plant and a C4 grass under
drought and CO2 enrichment. Cylindropuntia
imbricata (CAM species) and Bouteloua eriopoda (C4
grass) co-occur in desert grasslands in the South-
western United States and northern Mexico (i.e.,
Chihuahuan Desert). In our experiments, these
species were subjected to two levels of CO2 con-
centrations under drought and well-watered con-
ditions. Both B. eriopoda (Poaceae) and C. imbricata
(Cactaceae) are long-lived (>20 yr) and shallow-
rooted perennials (Peters and Yao 2012). Field
observations in native and protected desert grass-
lands without human disturbance (i.e., ﬁres and
grazing) indicate that C. imbricata has been
increasing in abundance and distribution in desert
grasslands currently dominated by B. eriopoda
(Appendix S2: Fig. S1). The underlying mecha-
nisms, however, remain unclear. Given the high
drought resistance of C. imbricata, its capability of
rapid recovery after droughts, and its lack of satu-
ration in photosynthesis and productivity in
response to CO2 enrichment, we hypothesized
that C. imbricata would have a competitive advan-
tage over B. eriopoda under extreme drought and
CO2 enrichment conditions.
MATERIALS AND METHODS
We performed multiple Google Scholar and
Web of Science searches using keywords of
crassulacean acid metabolism, CAM, cactus,
succulent, CO2, photosynthesis, and productiv-
ity. To be included in the meta-analysis, the
paper needed to report a long-term (≥2 months)
response of photosynthesis and biomass (pro-
ductivity) to CO2 enrichment which spans a
range of 650–1000 ppm under optimal environ-
ments (i.e., adequate light and nutrient availabil-
ity). If the studies reported the response of
growth rate instead of photosynthesis and bio-
mass (productivity), the growth rate was used to
represent the response of photosynthesis and
biomass (productivity). We found that published
studies were scarce and identiﬁed 21 studies
spanning 19 constitutive CAM species among
ﬁve families across the Southwestern United
States, Israel, Panama, Singapore, and China. See
Appendix S1 for species and references used in
the meta-analysis.
Seeds of the CAM plant, C. imbricata, and the
C4 grass, B. eriopoda, were ordered from http://
www.cactusstore.com and http://www.seedsour
ce.com, respectively. Seeds of each species were
germinated on 5 July 2015 in plastic trays cov-
ered with 1–2 mm substratum of mineral soil in
the greenhouse facility at the University of Vir-
ginia. Seedlings (of similar size) of C. imbricata
and B. eriopoda were transplanted into plastic
pots (13 cm in diameter and 11.5 cm in height
with a capacity of 1.5 L) on 20 August 2015.
C. imbricata and B. eriopoda were planted in
either monoculture (4 individuals) or mixture (2
individuals of C. imbricata and 2 individuals of
B. eriopoda). A mixture of Canadian sphagnum peat
moss and calcined clay (6:3) was used as soil (Kieft
1998); its hydraulic conductivity (78  23 mm/s)
measured using an inﬁltrometer in the green-
house was within the range of values mea-
sured under ﬁeld conditions where these species
co-occur (Ravi et al. 2009).
On 9 September 2015, seedlings (6–7 cm in
height for C. imbricata and 35–38 cm in height
for B. eriopoda) in both monoculture and mixture
were transported to Duke University’s Phytotron
Facility. These seedlings were then subjected to
two levels of CO2 concentrations and two water
treatments: 400 ppm (ambient carbon, LC) and
800 ppm (high carbon, HC) under drought (low
water, LW) and well-watered (high water, HW)
conditions. Watering intensity and frequency
were based on the mean value (120 mm;
1.3 mm/d) of growing season rainfall (July,
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August, and September) from 1989 to 2015
appropriate for the Sevilleta National Wildlife
Refuge (Petrie et al. 2014), an arid grassland
where C. imbricata and B. eriopoda coexist and
interact (Miller et al. 2009). To investigate the
effects of extreme drought on plant growth
under future climate (Smith 2011, IPCC 2014), for
the ﬁrst 63 d (the ﬁrst stage until 13 November
2015) plants were watered every nine days with
an intensity of 4.5 mm per event for the drought
treatment (low water treatment, LW). Thus, the
averaged watering intensity (0.5 mm/d) in the
drought treatment is about 35% of normal condi-
tions (1.33 mm/d) in the ﬁeld and the drought
lasted for 2/3 of the growing season duration.
The plant water stress in the drought treatment
was further enhanced in the growth chamber
experiment because plants were grown in small
pots with a high rate of water loss. Collectively,
this resulted in extreme drought conditions in
this experiment. To investigate the ability of
plants to recover from extreme drought events
(Rivero et al. 2007), starting on day 64 all plants
from the LW treatment were watered every three
days with an intensity of 4.5 mm per event for 39
more days (the second stage until 23 December
2015). By comparison, in well-watered conditions
(high water treatment, HW) plants were watered
every three days with an intensity of 4.5 mm per
event over 102 d. The experiment was a split-plot
design in which 6 CO2 chambers were used for
treatments of two CO2 concentration gradients
(each CO2 level had three replicates), and in each
CO2 chamber, seedlings were randomly assigned
to treatments of drought and well-watered con-
ditions (each treatment had 10 replicates).
Among the 10 replicates, 3 replicates were used
for measuring photosynthesis/biomass while the
rest were used for harvesting plants and measur-
ing titratable acidity (TA). Plants in chambers
were subjected to controlled light conditions (i.e.,
12 h of light with photosynthetic photon ﬂux
density of 700 lmolm2s1 from 07:00 to
19:00 hours) and temperature (i.e., 25°C during
the day and 20°C during the night) conditions.
Gas exchange between plants and surrounding
air was measured at the end of the second stage
of the experiment. The very small leaves of B. eri-
opoda limited our capability of measuring its gas
exchange (Appendix S2: Fig. S2). The shoots of
C. imbricata are cylindrical (Appendix S2:
Fig. S2). Thus, we constructed a customized Plex-
iglas cylindrical chamber (7 cm in diameter and
12.5 cm in height) closed on one end and with a
hole (1.5 cm in diameter) on the other to measure
gas exchange of C. imbricata. The chamber
(model Li-6400-19 Custom Chamber Kit;
LI-COR, Lincoln, Nebraska, USA) was then used
to interface the customized cylinder chamber
to the portable photosynthesis unit (model
LI-6400XT; LI-COR). Measurements of gas
exchange were conducted for each individual of
C. imbricata using LI-6400XT unit with the leaf
area (a) of 2 9 3 cm2 in a closed system mode.
The net photosynthetic rate (A, lmolm2s1) of
C. imbricata was determined as A = Ar 9 a/S,
where Ar is the recorded value of the net photo-
synthetic rate by LI-6400XT and S is the total
photosynthetic surface area (cm2) of C. imbricata.
After harvesting, the surface area of each plant
stem was calculated as follows: Depending on
the shape of C. imbricata, each C. imbricata stem
was cut into 4–5 sections, each of which repre-
sents a more regular cylinder shape and has the
surface area of p 9 d 9 h (d is the stem diameter,
and h is the lengths of each stem segment); S is
the sum of the surface areas of all sections. Diam-
eter and height were measured by a caliper with
a resolution of 0.001 mm. Diurnal change of gas
exchange for C. imbricata was measured at a con-
stant leaf temperature of 20°C using three repli-
cates in each treatment in each chamber. The
CO2 mixing ratio was set to 400 ppm at ambient
CO2 conditions, while the CO2 mixing ratio was
set to 800 ppm at high CO2 conditions. The light
intensity was the same as in the environment
inside each chamber.
Titratable acidity was measured at the end of
the second stage of the experiment. Stems of
C. imbricata were sampled at 3-h intervals and
stored at 20°C. Each stem was cut into 3–4
disks; one disk with a regular cylindrical shape
was selected to measure TA. Diurnal change in
TA (mmol/m2) was measured using the acid–
base titration method (Caemmerer and Grifﬁths
2009), in which freshly made 10 mmol/L NaOH
was added into a C. imbricata solution with
20 lL of a 1/5 dilution of phenolphthalein as
indicator after boiling for 10 min.
Plants were harvested on 13 November (the
end of the ﬁrst stage) and 23 December 2015 (the
end of the second stage), respectively, for
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measuring soil moisture (gravimetric water con-
tent), plant biomass, and productivity. Gravimet-
ric water content was calculated as the mass of
water divided by mass of dry soil. When grown
in mixture, C. imbricata and B. eriopoda were sep-
arated; a small amount of root fragments of
C. imbricata or B. eriopoda remained in the soil
after plant separation and were identiﬁed based
on color, diameter, and shape. Shoots (leaves
and/or stems) and roots were separated. Roots
were washed free of soil through 0.1-mm mesh
sieves. Fresh shoots were weighed on a scale;
both shoots and roots were dried at 60°C for
72 h and weighed. Total biomass and shoot-
to-root biomass ratios were calculated. Rela-
tive aboveground plant water content was
determined as (fresh weight-dry weight)/(fresh
weight, %).
The tanks of CO2 supplied a stable source of
CO2 in the growth chamber. CO2 was sampled in
the middle of the ﬁrst stage and the second stage
of our experiments from tanks using gas-tight
vials. The carbon isotope composition of CO2 gas
samples (13Cg) was analyzed at Indiana Univer-
sity—Purdue University Indianapolis on a stable
isotope ratio mass spectrometer (IRMS) (Model
Delta V Plus; Thermo Fisher Scientiﬁc, Waltham,
Massachusetts, USA) connected under continu-
ous ﬂow to a headspace gas analyzer (Thermo,
GasBench II). The analysis showed minimal dif-
ference of 13Cg between these two stages, and we
thus used the average values.
Aboveground plant samples were dried at 60°C
for 72 h and then ground and homogenized for
isotope and elemental analysis. Aboveground
plant samples were combusted in an elemental
analyzer (Costech Analytical, Valencia, California,
USA; ECS 4010), and the carbon isotope composi-
tion of aboveground plant samples (13Cp) was ana-
lyzed under continuous ﬂow on the same IRMS.
The isotope discrimination of carbon isotope com-
position between CO2 gas samples and above-
ground plant samples was thus calculated as d =
13Cg  13Cp (Hoefs 1997, Cernusak et al. 2013).
Data analysis
The effects of CO2, water treatment, species,
competition, and time as well as their interac-
tions on total biomass, the rate of total biomass
change, shoot-to-root biomass ratio, isotope dis-
crimination, and relative aboveground plant
water content were analyzed by a ﬁve-way
ANOVAwith each chamber as a whole-plot ran-
dom factor. The effects of CO2, water, competi-
tion, and time as well as their interactions on soil
moisture were analyzed by a four-way ANOVA
with each chamber as a whole-plot random fac-
tor. Total biomass measurements were natural
log-transformed prior to ANOVA. In general, the
most interesting effects were found in multiway
interactions. To explore these interactions, we
constructed pairwise orthogonal contrasts to
detect differences between individual pairs of
means. The effects of CO2, water, competition,
time, and their interactions on TA in C. imbricata
were analyzed by repeated measures ANOVA.
Titratable acidity was log-transformed prior to
ANOVA. All statistical analyses were performed
in SAS 9.4 (2013).
The meta-analysis of CAM plants’ response to
CO2 enrichment was conducted using the meta-
for package in R. Due to the difference in species
and experimental conditions among different
studies or within the same study, individual
observations were treated as the random effect.
The meta-analysis requires the input of mean,
standard deviation and/or standard error, and
sample size. For those studies that did not report
standard deviation and/or standard error, stan-
dard deviation and/or standard error were deter-




The meta-analysis on CO2 enrichment includ-
ing 19 constitutive CAM species across global
drylands showed an average increase of 51% in
daily CO2 uptake and 33% in biomass (Fig. 1;
Appendix S1), which is comparable to the bio-
mass response of C3 plants (+45%, 300 species)
and greater than the biomass response of C4
plants (+12%, 40 species) to CO2 enrichment
(Poorter and Navas 2003).
Competitive advantage of C. imbricata under
drought
In our growth chamber experiment, CO2
enrichment signiﬁcantly increased the biomass of
C. imbricata and B. eriopoda alone in both drought
and well-watered conditions (increases ranged
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from 41% to 68%; all P ≤ 0.0184 for C. imbricata,
all P ≤ 0.0372 for B. eriopoda, Fig. 2). CO2 enrich-
ment increased CO2 uptake by C. imbricata both
at night through CAM (C4) photosynthesis
(~20:00 to 08:00 hours) and during the late after-
noon with C3 photosynthesis (~15:00 to 18:00 hours;
Fig. 3a, c). The increase in CO2 uptake at night in
response to CO2 enrichment increased the accu-
mulation of malic acid in the vacuole and thus
TA (P = 0.0355, Fig. 3b, d). The response of
mixed CAM-C4 communities to CO2 enrichment
depended crucially on water conditions (CO2 9
water 9 competition P < 0.0001; Appendix S2:
Table S1). While CO2 enrichment signiﬁcantly
increased the biomass of both B. eriopoda (48%)
and C. imbricata (89%) in mixture in well-watered
conditions in both stages (both P ≤ 0.0169 for
B. eriopoda, both P ≤ 0.0002 for C. imbricata), CO2
enrichment only favored C. imbricata in mixture
in drought conditions (69% increase; P ≤ 0.0016
for C. imbricata, P ≥ 0.131 for B. eriopoda, Fig. 2).
Moreover, in ambient CO2 and drought condi-
tions (LCLW) the biomass of B. eriopoda in mix-
ture was signiﬁcantly higher (74%) than that in
grass alone (for both stages, P < 0.0001, Fig. 2),
in contrast to the case of HCLW (for both
stages, P ≥ 0.0832, Fig. 2). Overall, these results
suggest that C. imbricata had the competitive
advantage over B. eriopoda under the mani-
pulated extreme drought and CO2 enrichment
conditions.
Competitive advantage of B. eriopoda under
well-watered conditions
The increase in water availability signiﬁcantly
increased the biomass of both C. imbricata (87%)
Fig. 1. Meta-analysis of log ratio of daily CO2
uptake and biomass under elevated CO2 concentra-
tions to ambient CO2 concentrations for 19 constitutive
CAM species as monocultures across global drylands.
Values are log ratio of means  95% conﬁdence inter-
vals of published results. P = 0.0071 for biomass and
P = 0.0003 for photosynthesis. The details of meta-ana-
lysis are presented in Appendix S1.
Fig. 2. Total biomass (TB, g) of Cylindropuntia imbri-
cata (CAM species) and Bouteloua eriopoda (C4 grass) in
CAM alone (C), grass alone (G), and mixture (CM,
GM) in the ﬁrst stage (a, 13 November 2015) and sec-
ond stage (b, 23 December 2015) in each treatment.
HCHW refers to high CO2 and well-watered condi-
tions; HCLW refers to high CO2 and drought condi-
tions; LCHW refers to low CO2 and well-watered
conditions; and LCLW refers to low CO2 and drought
conditions. The error bars represent 95% conﬁdence
intervals (n = 9). The data were natural log-trans-
formed before ANOVA.
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and B. eriopoda (309%) when grown alone and in
mixture, except for C. imbricata in mixture under
ambient CO2 conditions in the second stage
(LCS; P = 0.3381 for LCS; all P ≤ 0.0242 for other
conditions, Fig. 2). C. imbricata is able to store
water, and its relative aboveground plant water
content was 2.7 times higher than B. eriopoda (all
P < 0.0001; Appendix S2: Fig. S3). Thus, its
growth, which was limited by drought in the
ﬁrst stage, recovered quickly in the second stage
of well-watered conditions (Figs. 2, 3). By com-
parison, all individuals of B. eriopoda suffered
from high water stress in the ﬁrst stage under
drought conditions and did not recover even
after the water treatment returned to well-
watered conditions in the second stage of the
experiment, as observed by a non-signiﬁcant
increase of biomass by B. eriopoda in the second
stage (Fig. 2). In well-watered conditions, there
was a lower photosynthetic rate (Fig. 3a, c),
lower nocturnal TA (92.4 vs. 133.6 mmol/m2,
P < 0.0001; Fig. 3b, d), 45% smaller biomass (all
P < 0.0001, Fig. 2), and an 18% smaller relative
aboveground plant water content in C. imbricata
in mixture with B. eriopoda than C. imbricata
plants grown alone. B. eriopoda exhibited a high
growth rate in well-watered conditions (Fig. 4).
Collectively, these results indicate that while
B. eriopoda had a lower ability to recover from
drought than C. imbricata and was disadvan-
taged relative to C. imbricata in drought condi-
tions, B. eriopoda had a strong competitive
Fig. 3. Diurnal change of rates of carbon dioxide uptake (A, lmolm2s1) and titratable acidity (TA;
mmol/m2) by Cylindropuntia imbricata in well-watered (a, b) and drought (c, d) conditions. C. imbricata performs
C4 photosynthesis at night and C3 photosynthesis in the late afternoon, as shown by TA measurements. Symbols
for each treatment are the same as Fig. 2. M refers to mixture. Values are mean  standard error (n = 9).
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advantage over C. imbricata in well-watered
conditions.
Isotope
The main effects of CO2, water, and species
but not competition on isotope discrimination
were signiﬁcant (P < 0.0001; Appendix S2:
Table S1). Regardless of other conditions, CO2
enrichment signiﬁcantly reduced isotope dis-
crimination of both C. imbricata (10.63–4.82&)
and B. eriopoda (7.67–4.50&; CO2 9 Species
P < 0.0001; Appendix S2: Table S1; all P < 0.0001,
Fig. 5). The response of isotope discrimination to
water depended on CO2 (CO2 9 Water P < 0.0001;
Appendix S2: Table S1). In particular, in the ﬁrst
stage of the experiment under ambient CO2
conditions, water additions signiﬁcantly reduced
isotope discrimination (12.11–11.05&) of C.
imbricata (P ≤ 0.0108, Fig. 5a), in contrast to
the pattern observed in high CO2 conditions
where water addition increased isotope discrimi-
nation (2.81–6.60&; P < 0.0001, Fig. 5a). Consis-
tent with this pattern, water additions in the
drought treatment in the second stage signiﬁ-
cantly increased isotope discrimination of both
C. imbricata in high CO2 conditions as compared
to the ﬁrst stage (2.81& in November vs. 4.80&
in December; P ≤ 0.0001; Fig. 5a, b). Generally,
C. imbricata had a higher isotope discrimination
(7.73&) than B. eriopoda (6.09&; Fig. 5).
DISCUSSION
Studies of response of CAM plants and their
competitive relationship with other functional
groups under global change scenarios are scarce.
Our study was motivated by the limited
Fig. 4. The total biomass ratio between the ﬁrst and
the second stage of Cylindropuntia imbricata (CAM spe-
cies) and Bouteloua eriopoda (C4 grass) in CAM alone
(C), grass alone (G), and mixture (CM, GM) in each
treatment. Symbols for each treatment are the same as
Fig. 2. The error bars represent 95% conﬁdence inter-
vals (n = 9).
Fig. 5. Isotope discrimination of Cylindropuntia imbri-
cata (CAM species) and Bouteloua eriopoda (C4 grass) in
CAM alone (C), grass alone (G), and mixture (CM, GM)
in the ﬁrst stage (a, 13 November 2015) and the second
stage (b, 23 December 2015) in each treatment. Symbols
for each treatment are the same as Fig. 2. The error bars
represent 95% conﬁdence intervals (n = 9).
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understanding about the increase of C. imbricata
in distribution and abundance observed in desert
grasslands in the Southwestern United States
and northern Mexico (i.e., Chihuahuan Desert).
This study showed the competitive advantage
of CAM plants (C. imbricata) over grasses (B.
eriopoda) under extreme drought and CO2 enrich-
ment conditions (Fig. 2). A meta-analysis synthe-
sized the evidence that photosynthesis and
productivity responses by monocultures of CAM
plants to CO2 enrichment are comparable to C3
plants, while data for CAM responses in compe-
tition with other functional groups are lacking
under CO2 enrichment conditions. These results
collectively suggest that with projected increases
in atmospheric CO2 concentrations and drought,
the abundance of CAM plants may increase in
semiarid ecosystems with important implications
for species composition and ecosystem carbon
and water cycling.
Response of B. eriopoda and C. imbricata
alone
As previously found for other C4 grasses
(Smith et al. 2000, Morgan et al. 2001), B. eri-
opoda showed a positive response to CO2 enrich-
ment under both drought and well-watered
conditions (Fig. 2). This positive response may
result from the direct or the indirect effect of CO2
enrichment in reducing stomatal conductance
(see isotope analysis below), which increases soil
moisture availability (Appendix S2: Fig. S4) and
water use efﬁciency of B. eriopoda. The indirect
effect of CO2 enrichment was consistent with the
decreased isotope discrimination of B. eriopoda
(Fig. 5), which likely corresponds to the decrease
in stomatal conductance and intercellular CO2
concentration. We note, however, that isotope
discrimination in C4 plants is also largely
affected by the fraction of CO2 leakiness (/) out
of sheath cells (Farquhar 1983, Farquhar and Cer-
nusak 2012), and thus, interpreting isotope dis-
crimination in C4 plants is more complicated
than C3 plants. / quantiﬁes the extent to which
Rubisco fractionation is expressed, and thus, iso-
tope discrimination increases with / (Murphy
and Bowman 2009, Cernusak et al. 2013). A
value of / > 0.37 would lead to increased isotope
discrimination with intercellular CO2 concentra-
tion, as found for C3 plants (Cernusak et al.
2013). Consistent with other studies (Van de
Water et al. 2002, Liu et al. 2005), our study
showed a higher isotope discrimination of B. eri-
opoda in high water conditions in high CO2 con-
ditions but not ambient conditions (Fig. 5),
which suggested a higher value of / > 0.37 in
high CO2 conditions than ambient conditions.
However, given that we did not directly measure
the photosynthesis rate for B. eriopoda and /, we
suggest that further work is needed to quantita-
tively support our interpretation of the indirect
effect of CO2 enrichment.
The rate of CAM (C4) photosynthesis per-
formed at night by C. imbricata—which is typi-
cally thought to saturate quickly with increasing
atmospheric CO2 concentrations (Drennan and
Nobel 2000, Poorter and Navas 2003, Borland
et al. 2009)—still had a positive response to CO2
enrichment (Fig. 3), consistent with the response
of most CAM species (Fig. 1; Drennan and Nobel
2000). This likely occurs because CO2 uptake at
night in ambient CO2 conditions is still restricted
by a low mesophyll conductance limiting the
supply of CO2 to the photosynthetic tissue (Dren-
nan and Nobel 2000, Nelson and Sage 2008, Rip-
ley et al. 2013). C. imbricata performed a large
fraction (>70–80%) of CAM (C4) photosynthesis
during the night (Fig. 3). Similar to the case of
B. eriopoda, C. imbricata responded to CO2 enrich-
ment with a statistically signiﬁcant increase in
photosynthesis and productivity (Ainsworth and
Long 2005, Fay et al. 2012). This response may
be associated with a reduction in stomatal con-
ductance and was evidenced by the higher soil
moisture availability found in well-watered con-
ditions (Appendix S2: Fig. S4) and the lower pho-
tosynthetic isotope discrimination in high CO2
conditions (Fig. 5), but we note that interpreting
isotope discrimination in CAM plants is more
complicated than C3 plants.
Response of B. eriopoda and C. imbricata in
mixture
Our experiment provided experimental evi-
dence that C. imbricata has a competitive advan-
tage over B. eriopoda in drought and enriched
CO2 conditions (Fig. 2). C. imbricata coped with
drought conditions by efﬁciently exploiting rain-
fall pulses and then drawing maximum beneﬁt
from storing the absorbed water (L€uttge 2004,
Borland et al. 2009). This led to higher relative
aboveground plant water content (Appendix S2:
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Fig. S3) and thus more favorable tissue water
potential, lower water stress, and higher resis-
tance to droughts than B. eriopoda. By contrast,
B. eriopoda had a low drought resistance and did
not recover after droughts, as seen also in ﬁeld
experiments (Baez et al. 2013) likely because of
the damage of plant water-transport system
caused by cavitation in the xylem (Holloway-
Phillips and Brodribb 2011, Cao et al. 2012).
Under drought conditions, a more positive
response to CO2 enrichment by C. imbricata indi-
rectly disfavored B. eriopoda (Fig. 2), which indi-
cated that interspeciﬁc competition between this
CAM plant and C4 grass can counteract the
favorable direct effect of CO2 enrichment. Simi-
larly, other studies showed that the positive
effects of C3 (P. smithii) and C4 grasses (Bouteloua
gracilis) as monocultures under CO2 enrichment
were not observed in natural (mixed) communi-
ties (Morgan et al. 1998, 2004). The competitive
advantage of C4 species (S. bicolor) under ambi-
ent CO2 concentration was ﬂipped into a compet-
itive disadvantage under CO2 enrichment, which
favors C3 species (G. hirsutum) more than C4 spe-
cies (Derner et al. 2003).
Bouteloua eriopoda had a strong competitive
advantage over C. imbricata in well-watered con-
ditions (Fig. 2). As previously found for grasses
in mesic systems (Collins et al. 2012), B. eriopoda
exhibited a high growth rate in well-watered
conditions (Fig. 4) and an extensive root system
with a high root/shoot ratio (Appendix S2:
Fig. S5). These traits allowed this grass to take
advantage of the well-watered conditions under
ambient CO2 levels, thereby indirectly limiting
the response of C. imbricata to the increase in
water availability (Figs. 3, 4). The efﬁcient water
use strategies of grasses accounted for its com-
petitive advantage over woody plants in savan-
nas in response to increased interannual rainfall
variability (Yu et al. 2017c). This efﬁcient water
usage by grasses even promoted its transitions to
a stable state of grass dominance initiated by
stochastic rainfall variability (Chen et al. 2018).
Broad implications
Previous studies showed that high drought
resistance accounted for the competitive advan-
tage of a model facultative CAM species
(M. crystallinum) over its co-occurring grass spe-
cies (B. mollis) found in California grasslands
under global change scenarios (Yu et al. 2017a,
b). This study investigated whether water stress
and concurrent CO2 enrichment—which are
known to affect the interactions between C3 and
C4 plants (Smith et al. 2000, Poorter and Navas
2003, Ainsworth and Long 2005, Fay et al. 2012)
—could allow constitutive CAM plants (C. imbri-
cata) to increase in abundance in C4-dominated
(B. eriopoda) desert grasslands in the United
States. We showed the experimental evidence of
the competitive advantage of a CAM species
(C. imbricata) over a C4 (B. eriopoda) grass species
under drought and CO2 enrichment conditions.
While not investigated in this study, warming
trends may further beneﬁt CAM plants because
these plants exhibit maximum photosynthetic
rates at higher temperatures (Borland et al. 2009,
Reyes-Garcıa and Andrade 2009) and evidence
shows that the climate is becoming more arid in
this region (Rudgers et al. 2018). The ability to
store water and tolerate drought is a well-known
characteristic of most CAM species (L€uttge 2004,
Borland et al. 2009). The positive response of
most CAM species to CO2 enrichment, compara-
ble to that of C3 species, and higher than that of
C4 species, has also been widely reported (Dren-
nan and Nobel 2000, Poorter and Navas 2003,
Borland et al. 2009) and was further documented
in our meta-analysis (Fig. 1). We suggest that
more CAM species may further expand their
abundance under future global change scenarios
in drylands, and thus, experiments using more
CAM species are greatly needed in future stud-
ies. Moreover, we note that compared to ﬁeld
conditions where plant roots are less constrained,
plants growing in small pots in growth chambers
experience much higher water stress, as shown
here by low plant water content (Appendix S2:
Fig. S3) and lack of recovery of grasses after
returning to well-watered conditions. Thus,
future research needs to better quantify the com-
petitive relationship between CAM plants and
grasses in ﬁeld conditions under global environ-
mental change.
CONCLUSIONS
Our study provides the experimental evidence
that the extreme water stress and concurrent
atmospheric CO2 enrichment allow for the com-
petitive advantage of CAM plants (C. imbricata)
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over co-occurring C4 grasses (B. eriopoda) found
in desert grasslands in the Southwestern United
States. The physiological mechanisms underlying
the competitive advantage of C. imbricata are
likely to be associated with its high drought
resistance, rapid recovery after droughts, and
lack of saturation in the response to CO2 enrich-
ment. We suggest that understanding the poten-
tial shift of the competitive relationships between
CAM plants and C4 grasses is crucial for evalua-
tions of possible shifts in dryland vegetation
composition, the related changes in ecosystem
resilience and productivity, and the provision of
ecosystem services under global environmental
change.
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